In the retinas of Royal College of Surgeons (RCS) rats light induces an increase in distal extracellular potassium irrespective of the age, between days 19-24 and days 29-35 postpartum, but by days 29 -35 the ERG b-wave has become reduced. The synaptic blocker 2-amino-4-phosphonobutyric acid (APB) causes the abolition of both the b-wave and the potassium increase at any age. MgCl 2 greatly reduces the b-wave at all ages and abolishes the potassium increase in older rats, but in younger rats the potassium increase is enlarged. Since this increase occurs in the absence of the b-wave it is unlikely that the on-bipolar cells are the only sources of the b-wave. Because the NMDA receptor blocker ketamine reduces the b-wave, third order neurons, which possess NMDA receptors, could contribute to the b-wave.
Introduction
The spontaneous degeneration of the retina that occurs in the Royal College of Surgeons (RCS) rat as they mature has been well investigated (Bourne, Campbell, & Tansley, 1938; Dowling & Sidman, 1962; Herron, Riegel, Myers, & Rubin, 1969; Bok & Hall, 1971; Mullen & La Vail, 1976; Mättig & Hanitzsch, 1993) . The interest in this pathological condition relates largely to its potential value as an investigative model of human retinal degeneration. In both species the degeneration is accompanied by changes in the ERG, and if these changes in the RCS rat can be correlated with particular neuronal dysfunctions, that knowledge might help to clarify the nature of the retinal damage in certain human retinal diseases.
Of particular interest is the change in the b-wave in the degenerated retina. Knowing what this might mean depends upon knowing the origin of the b-wave in the undegenerated retina, but currently there are differing opinions about this. At first the b-wave was thought to be generated in bipolar cells (Byzov, 1959; Hashimoto, Murakami, & Tomita, 1961) ; then in the Mü ller cells (Newman & Odette, 1984; Dick, Miller, & Bloomfield, 1985; Kline, Ripps, & Dowling, 1985; Karwoski, Newman, Shimazaki, & Proenza, 1985; Wen & Oakley, 1990; Newman & Frishman, 1991) and more recently in on-bipolar cells (Stockton & Slaughter, 1989; Gurevich & Slaughter, 1993; Xu & Karwoski, 1994a,b; Robson & Frishman, 1995; Robson & Frishman 1996; Hanitzsch, Lichtenberger, & Mättig, 1996; Karwoski & Xu, 1999; Green & Kapousta-Bruneau, 1999) or partly in the on-bipolar cells (Sieving, Murayama, & Naarendorp, 1994; Hanitzsch, Zeumer, Lichtenberger, & Wurziger, 1998) . No final agreement, however, has yet been reached. Hanitzsch et al. (1996) recorded that under the influence of MgCl 2 the distal potassium increase was enlarged, but the ERG b-wave was nearly abolished. This finding was inconsistent with the Mü ller cell theory. The abolition of both the distal potassium increase and the b-wave by the glutamate receptor blocker 2-amino-4-phosphonobutyric acid (APB), accords with the origin of the b-wave in on-bipolar cells.
One approach to the problem of b-wave generation is to study the relation between cellular function and the b-wave in the RCS rat before and after a change in the ERG, which is indicative of degeneration having occurred. The light induced extracellular potassium increase at the outer plexiform layer (distal potassium increase) was used as an indication of on-bipolar cell activity.
In this study we have investigated in the RCS rat the effects of APB and MgCl 2 upon the ERG b-wave and the distal potassium increase and the effect of NMDA and ketamine on the b-wave to find out if the on-bipolar cells are the only source of the b-wave.
APB blocks metabotropic synapses, and both rod and cone on-bipolar cells have metabotropic receptors. Rod bipolar cells, however, are blocked by APB, but not by MgCl 2 as far as is known (Yamashita & Wässle, 1991; Shiells & Falk, 1992; de la Villa, Kurahashi, & Kaneko, 1995) , but it is not known if the receptors of on-cone bipolar cells, of which there are at least four subtypes (Euler & Wässle, 1995) are all blocked by both substances.
MgCl 2 influences synaptic transmission and blocks mainly NMDA receptors which occur on third order neurons. Horizontal cells, however, also possess NMDA receptors (Grunder-Bolla & Guenther, 2000) and their light responses are reduced by NMDA (Bloomfield & Dowling 1985) .
Ketamine is an antagonist of NMDA receptors (Martin & Lodge, 1985; Glade, Motzko, Häfker, & Flohr, 1999) and NMDA is the agonist.
If on-bipolar cells are the only sources of the distal potassium increase and give rise to the b-wave, the b-wave should correlate consistently with changes in the distal potassium increase. The present results show that the distal potassium increase can be present, when the b-wave is reduced or abolished. It is likely, therefore, that the on-bipolar cells are not the sole source of the b-wave and that third order neurons may contribute. This was proven by the reduction of the b-wave by ketamine.
Material and methods
The experiments were done on retinas of RCS rats which were raised in 12 h light -12 h dark cycles (light intensity 400 mW/m 2 ). Their age was either between 19 and 24 days or between 29 and 35 days. The rats were anaesthetized with 1.5 g urethane/kg body weight. The animals were kept in total darkness for a minimum of 3 h before enucleation and the eyes were prepared under dim red light. After enucleation of both eyes, the rats were killed by an overdose of urethane.
Isolated retina
As described earlier (Hanitzsch, Tomita, & Wagner, 1984; Hanitzsch et al., 1996) the retina was prepared and mounted in a superfusion chamber. The receptor side was superfused by a serum -saline mixture, which contained 10% horse serum and the following composition of saline: (concentrations in mM) 126 NaCl, 4 KCl, 1.8 CaCl 2 , 0.9 MgCl 2 , 24 NaHCO 3 and 8.3 glucose. This mixture was equilibrated with O 2 /CO 2 95:5% and kept at 33°C. A second solution containing 10 mM MgCl 2 was used as a synaptic blocker, replacing an equimolar amount of the NaCl. For further investigations concerning the influence of different concentrations of the glutamate agonist 2-amino-4-phosphonobutyric acid (APB) as a blocker of metabotropic synapses, serum -saline mixtures were used as mentioned above with the addition of 10, 30 or 100 mM of APB. Regarding the influence of the NMDA receptor blocker ketamine was used in concentrations of 1 mM and the NMDA agonist NM(DL)A in different concentrations (750 nM, 1 mM, 10 mM, 30 mM, 300 mM, 10 mM and 23mM). The retina was covered by a nylon mesh to keep the upper side moist as well.
Potassium measurements
The extracellular potassium concentration [K] 0 was measured with double-barrelled potassium-sensitive microelectrodes. The ion-sensitive barrel was injected with the ion exchanger Corning 477317 and backfilled with 100 mM KCl. The reference barrel contained 150 mM NaCl. The elliptical cross-section of the electrodes measured at the tip 0.5 to 1 and 3-6 mm, respectively. The ion-sensitive barrel had a DC-resistance ranging between 300 and 3000 MV. The electrodes were calibrated in solutions in which equimolar amounts of NaCl were replaced by KCl (Mättig & Hanitzsch, 1991) . A capacity-compensated differential preamplifier with an input resistance of 10 13 V (Axoprobe 1A) was used for recording with double-barrelled potassium-sensitive microelectrodes.
The transretinal ERG was recorded between two silver -silver chloride electrodes coupled by agar bridges to the retina. Field potentials were measured between the reference barrel of the K + -sensitive microelectrode and the surface electrodes (Hanitzsch & Trifonow, 1968; Hanitzsch, 1973) . They were used as an indication of the location of the potassium-sensitive microelectrode in the retina. The bandwidth of the amplifiers was 0-300 Hz. Light stimuli were diffuse white light provided by a Xenon arc (Leitz, Wetzlar). Light intensity (log 0 corresponds to 38 Wm − 2 ) was varied by means of neutral density filters (NG 5, Schott, Jena) .
For the one pilot experiment in which the effect of 10 mM NM(DL)A on the responses of rabbit horizontal cells to light was recorded intracellularly the method was as described by Hanitzsch and Bligh (1999) .
Results
The effect of MgCl 2 on the extracellular potassium increases was investigated, particularly in the outer plexiform layer (distal potassium increase). This serves as an indicator of the function of second order neurons. Fig. 1 shows the light-induced potassium increase in the distal retina of the young RCS rat around postnatal day 22 as well as the transretinal ERG and the field potentials which indicate the location of the potassiumsensitive microelectrode in the distal part of the retina.
The proximal field potential measured between the upper silver -silver chloride electrode at the vitreal side of the retina and the reference barrel of the potassium sensitive microelectrode in the distal retina is the sum of the potentials from the ganglion cell layer to the outer plexiform layer. If the microelectrode is correctly located in the distal retina a cornea-positive b-wave-like potential is recorded. The distal field potential, measured between the reference barrel of the potassium sensitive microelectrode and the lower silver -silver chloride electrode at the receptor side, is determined by cornea-negative potentials. Theoretically the sum of the distal and proximal field potential is the ERG when the upper silver -silver chloride electrode, the potassium sensitive microelectrode and the lower silver -silver chloride electrode are in a vertical line.
The distal light-induced potassium increase must be composed of light-induced potassium decreases and light-induced potassium increases. The decreases are caused by neurons which close their cation channels during light exposure (e.g. off-bipolar cells). The increases are caused by neurons which open their cation channels during light exposure (e.g. rod bipolar and cone on-bipolar cells). The sum of these major components was found to be a potassium increase in the RCS rat retina, as well as in the normal albino rat retina (Mättig & Hanitzsch, 1993) .
The distal potassium increase was 0.099 0.02 mM (n= 8; Table 1) in the young RCS rat (around postnatal day 22), and was maximal at a depth of 140 -170 mm. It was enlarged under the influence of 10 mM MgCl 2 (Fig. 1) to 0.169 0.04 mM (n=8; Table 1 ). This is a significant increase (Wilcoxon signed-rank test, P= 0.014) and similar to the effects of MgCl 2 found in the normal rat retina. At about postnatal day 22, the b-wave of the ERG is abolished under the influence of 10 mM MgCl 2 (Fig. 1) . The proximal cornea-positive field potential is reduced under the influence of MgCl 2 but it is still evident (Fig. 1) . The cornea-negative distal field potential does not seem to be affected very much by MgCl 2 (Fig. 1 ). All these effects are reversible upon returning to the normal superfusion solution (Fig. 1) .
Measurements in the older RCS rat retinas show that the ERG b-wave becomes reduced between postnatal day 29 and 33 ( Fig. 2) . While the b-wave (Fig. 2 , left column) around postnatal day 29 (175968 mV, n=5; Table 2 ) is still close to the mean value of that of the younger RCS rat retinas (2359 99 mV, n= 20; Table 2) , it is significantly reduced at postnatal day 33 (Fig. 2 , right column). The mean value of the b-wave of the RCS rats between postnatal day 29 and 35 is 90976 mV (n=16; Table 2 ). There is a significant difference between the b-waves of the young (postnatal days 19-24) and the old (postnatal days 29-35) RCS rats (Mann -Whitney-Test, P= 0.00057). Fig. 1 . Influence of 10 mM MgCl 2 (after more than 7 min superfusion) of the RCS rat retina around postnatal day 22 on the distal potassium increase (first trace), on the transretinal ERG (second trace) and on the field potentials (third and fourth trace). Proximal field potential (third trace, cornea-positive potential upward) measured between the reference barrel of the potassium-sensitive microelectrode and the ERG surface electrode at the upper side of the retina; distal field potential (fourth trace, cornea-negative potential downward) measured between the reference barrel of the potassium sensitive microelectrode and the ERG surface electrode at the lower side of the retina. a Stimulus intensity −5 log units, stimulus duration 1 s. The distal potassium increase in the older RCS rat retina (postnatal day 29 -33; Fig. 2 ) is 0.0990.02 mM (n = 8; Table 1 ), which is the same as that of the younger RCS rat retina (postnatal days 20 -23). It is reduced to zero (n=8; Table 1) under the influence of MgCl 2 (Fig. 2) . This differs remarkably from that of the younger RCS and normal rat. Fig. 3 compares the proximal potassium increase (inner plexiform layer, maximum at a depth of 50 -70 mm) of the young RCS rat retina (around postnatal day 22) with that of the older RCS rat retina (around postnatal day 33). It is generally larger than the distal potassium increase (Table 1) . The proximal potassium increase in the RCS rat between postnatal day 19 and 24 is 0.229 0.09 mM (n = 13; Table 1 ). Under the influence of 10 mM MgCl 2 it is not significantly changed in amplitude (0.1990.13 mM, n= 13; Table 1 ; Fig. 3, left column) . The proximal potassium increase of the older RCS rat retina (postnatal days 31-35) is 0.149 0.05 mM (n= 9; Table 1); it is drastically reduced under the influence of 10 mM MgCl 2 (right column of Fig. 3 ) to 0.039 0.04 mM (n= 9; Table 1 ). The changes in the ERG b-wave under the influence of MgCl 2 are the same as in the investigations concerning effect of the glutamate agonist 2-amino-4-phosphonobutyric acid (APB) on the distal potassium increases of the RCS rat retina was investigated. APB blocks metabotropic synapses, for instance those of the onbipolar cells (Slaughter & Miller, 1981) . The b-wave of the ERG is abolished by APB. The influence of three different solutions containing 10 mM APB, 30 mM APB and 100 mM APB, respectively, was tested. While the 10 mM APB-solution showed no effect on the light-induced distal potassium increase (n=3), it was possible to find a potassium decrease under the influence of 30 mM APB (n=2) and 100 mM APB (n= 2; Fig. 4) . Because the last results are similar to these of the normal rat retina (Hanitzsch et al., 1996) , the experiments were not repeated with the highest concentration of APB, but in contrast to the normal rat retina and to the investigations with 30 mM APB-solution (Fig. 4 , left column) the effects of 100 mM APB are not reversible when the normal solution replaces the 100 mM APB-solution (Fig. 4, right column) .
The influence of the NMDA receptor blocker ketamine on the ERG b-wave of the isolated RCS rat retina was interesting. Solutions containing 1 mM ketamine markedly reduced the b-wave of 4529 74 mV the distal potassium increase, e.g. the ERG b-wave is nearly abolished by MgCl 2 . All the described effects in the proximal retina are reversible.
To get more detailed information about the impairment of the synaptic function of the RCS rat retina, the (SD, n =7) in young RCS rats (postnatal day 19 -24) (Fig. 5) to 1669 31 mV (SD, n =7). That is to 37% reduction. In four cases the effect was reversible (96%), in three cases not.
The NMDA agonist NM(DL)A had no effect in concentrations smaller than 30 mM. NM(DL)A concentrations of 300 mM, 3mM, 10 mM and 23 mM caused increases in the b-wave amplitude as described in literature (Robson & Frishman 1995) . The higher the concentration was, the stronger was the effect, but it was only reversible till 3 mM.
In one pilot experiment we tested the effect of 10 mM NM(DL)A on the intracellularly recorded light responses of rabbit horizontal cells with the same result as Bloomfield and Dowling (1985) that the light response is reduced (Fig. 6) .
Discussion
The data of the effects of MgCl 2 and APB on the light induced potassium increases and the b-wave of the young and old RCS rats and the effect of ketamine and NM(DL)A on the b-wave of the young RCS rat, allow a reconsideration of the origin of the b-wave. The effects of MgCl 2 and APB on the ERG and the potassium increases of the young RCS rat are comparable with those in the normal rat (Hanitzsch et al., 1996) .
The generation of the b-wave was investigated long ago by Byzov (1959) and Hashimoto et al. (1961) , and it was then considered to be attributable to the bipolar cells. Miller and Dowling (1970) then recorded a potential in the Mü ller cells of the mudpuppy which was practically identical with that of the b-wave. This was taken to indicate that extracellular potassium changes in the distal retina cause the b-wave in Mü ller cells (Newman & Odette, 1984; Dick et al., 1985; Karwoski et al., 1985; Kline et al., 1985; Wen & Oakley, 1990; Newman & Frishman, 1991) . Furthermore the time course of the b-wave is too slow to be attributable to neuronal potentials.
Contrary to these interpretations there are now findings which indicate that the b-wave is generated by the on-bipolar cells: first, a cornea-positive component, which has a time course corresponding to that of the on-bipolar cells, remains when PIII is subtracted from the ERG (Gurevich & Slaughter, 1993) . Second, the sink and sources of the extracellular field potentials are not in agreement with the Mü ller cell theory (Xu & Karwoski, 1994a,b) . Furthermore the b-wave is abolished by MgCl 2 , but the distal potassium increase, which should cause the b-wave, is not, and there is no evidence that MgCl 2 blocks a potassium conductance in Mü ller cells (Hanitzsch et al., 1996) . Therefore, the on-bipolars were considered as the most probable sources of the b-wave, or at least of its rising phase. Later parts of the b-wave are probably overlapped by Mü ller cell potentials (Xu & Karwoski 1994a,b; Robson & Frishman 1995; Karwoski & Xu 1999) . One of the overlapping potentials is the PIII component of the ERG (Oakley & Green, 1976; Tomita, 1976; Steinberg, Linsenmeier, & Griff, 1985; Hanitzsch, 1993) .
There are, however, also problems with this 'on-bipolar' theory. The enlargement of the distal potassium increase by MgCl 2 is understandable, but the abolition of the b-wave is difficult to explain. The greater distal potassium increase (Fig. 7) could be due to the blockade of cone-off bipolar and horizontal cells, which normally should cause a potassium decrease; when they are blocked this would result in an enlargment of the distal potassium increase (Hanitzsch et al., 1996) . The distal potassium increase would seem to indicate that many, if not all, of the on-bipolar cells remain active. If, however, the activity of on-bipolar cells is considered to be the only source of the b-wave, the reduction of the b-wave by MgCl 2 is problematic. A possible explanation (Hanitzsch et al., 1996) could be that the synaptic mechanisms of the rod bipolar cells and cone on-bipolar cells, or some of the subtypes, differ slightly from each other. Such a variation in cone bipolar cells (Euler & Wässle, 1995) could enable some of these subtypes to remain active during the influence of MgCl 2 . There are subunits of the glutamate receptor (e.g. mGlu1a and mGlu5a) besides the metabotropic subunit mGluR6 at on-bipolar cells which are responsive to photoreceptor activity (Brandstätter, Koulen, & Wässle, 1998; Boycott & Wässle, 1999) . The mGluR6 is essential for the function of these synapses, but whether differences in the presence of other subunits modulate the function of these metabotropic synapses remains unknown. MgCl 2 does not interfere with the synapses between photoreceptors and rod bipolar cells as far as is known (Yamashita & Wässle, 1991; Shiells & Falk, 1992; de la Villa et al., 1995) , but whether that also applies to all the subtypes of the cone on-bipolar cells is presently unclear. According to data of de la Villa et al. and Hartveit (1997) , however, there seems to be no difference in the afferent synaptic processes of rod bipolar and cone on-bipolar cells.
For these reasons it seems likely that parts of the b-wave may be generated in closely packed cells like amacrine cells (MacNeil & Masland, 1998) which are located proximal to bipolar cells, and which are controlled by NMDA receptors which can be blocked by MgCl 2 . Lichtenberger, Karbaum, Flade and Hanitzsch (2000) have shown that the b-wave of the conscious rabbit is reduced to a statistically significant degree when the ERG is recorded under general anaesthesia with ketamine. The same effect occurs in the rat retina. Anaesthesia involves the blockade of NMDA receptors and ketamine is an antagonist of NMDA receptors (Martin & Lodge, 1985; Glade et al., 1999) . The general view is that signals from photoreceptors to bipolar cells are transmitted via non-NMDA receptors, while the signals from bipolar cells to amacrine cells are also transmitted via NMDA receptors (Boycott & Wässle, 1999) .
In this study NMDA applied as NM(DL)A, however, does not reduce the b-wave as it was found by Vaegan and Millar (1994) but increases the b-wave as has already been shown by Robson and Frishman (1995) . NM(DL)A, however, must not only interfere with depolarising third order neurons which must reduce the b-wave, but could also interfere with hyperpolarising third order neurons. This could result in a b-wave increase. Furthermore since it has been shown that hyperpolarising neurons also shape the b-wave (Sieving et al., 1994) and that horizontal cells may contribute to this effect (Hanitzsch, Karbaum, & Lichtenberger 1999) it is essential that horizontal cells possess NMDA receptors (Grunder-Bolla & Guenther, 2000) and that the light response is reduced by NM(DL)A (Fig. 6 and Bloomfield & Dowling 1985) . This reduced light-induced hyperpolarising of horizontal cells could enlarge the b-wave.
The effect of ketamine was more straight forward. It blocks NMDA receptors and it reduces the amplitude of the b-wave, probably by blocking one or several depolarising third order neurons, which could be amacrine cells. The reduced b-wave must be taken into account when studies are done on ketamine-anaesthetised animals (Lichtenberger et al., 2000; Nusinowitz et al., 2000) . Taking all these points into account third order neurons, perhaps amacrine cells, are most probably one of several contributors to the b-wave (Fig. 8) . With the hypothesis that the on-bipolars and amacrine cells are contributors to the ERG b-wave, the complete abolition of the b-wave by APB as a blocker of metabotropic synapses can be explained tentatively. In this circumstance the on-bipolar cells would be inactivated and no signals would be transmitted to the AII amacrine cells. There would then be no residual b-wave in the PIII component as occurs when MgCl 2 is present (Hanitzsch et al., 1996) . The possibility that amacrine cells also contribute parts of the b-wave was already considered by Gottlob, Wü ndsch and Tuppy (1988) when they observed the effects of GABA and GABA blockers, though at that time it was thought that the effect is caused via Mü ller cells. Dong and Hare (2000) also, from the results of a study of the effects by TTX, bicuculline and strychnine in the rabbit retina, favoured a third-order retinal neuron as a second source of the ERG b-wave.
The measurements of the light-induced potassium changes and the effects of MgCl 2 and APB in the old RCS rat in comparison with the young RCS rat allows the presumption that the bipolar cells are quite well preserved while the spontaneous degeneration of the photoreceptors progresses (Bush, Hawks, & Sieving, 1995; Hanitzsch et al., 1998) .
In our study, unfortunately, there was a quite a substantial variation in amplitude of the b-wave. The reason may be that because we used relatively high light intensities in order to achieve rapid degeneration of photoreceptors the degrees of light exposure of the young rats when cuddled to their mother may have varied considerably.
By about postnatal day 33, the potassium decrease around photoreceptors is abolished (Mättig & Hanitzsch, 1993) , but the distal and proximal potassium increase remains well preserved (Table 1) . That indicates that the bipolar cells are then still active. MgCl 2 , however, then abolishes the distal and proximal potassium increases which did not occur in young RCS rats (Table 1) . A possible interpretation is that the transmitter release of the degenerating photoreceptors becomes so reduced that it is blocked by MgCl 2 . The non-recovery of the b-wave after the influence of APB is also evidence that some damage had then occurred, which could be to the on-bipolar synapses. This indicates that at a time when photoreceptors are newly degenerated bipolar cells remain quite well preserved, but with some change in their synaptic mechanisms, the nature of which remains obscure.
The conclusion of this study is that the b-wave, which is overlapped by the PIII component, probably results from both on-bipolar and third order neurons, which could be amacrine cells.
